Planktonic copepods have sexually dimorphic behaviors, which can cause differences in feeding efficiency between genders. Copepod feeding rates have been studied extensively but most studies have focused only on females. In this study, we experimentally quantified feeding rates of males and females in copepods with different feeding behavior: ambush feeding (Oithona nana), feeding-current feeding (Temora longicornis) and cruising feeding (Centropages hamatus). We hypothesize that carbon-specific maximum ingestion rates are similar between genders, but that maximum clearance rates are lower for male copepods, particularly in ambush feeders, where the males must sacrifice feeding for mate searching. We conducted gender-specific functional feeding response experiments using prey of different size and motility. In most cases, gender-specific maximum ingestion and clearance rates were largely explained by the difference in size between sexes, independent of the feeding strategy. However, maximum clearance rates of males were approximately two times higher than for females in the ambush feeding copepod O. nana feeding on an optimal motile prey (Oxyrrhis marina), as hypothesized. We conclude that the conflict between mate searching and feeding can cause significant difference in feeding efficiency between copepod genders in ambush feeders but not in feeding-current and cruising feeders.
role in mate finding differs between sexes. Copepod males typically play the role of searching for females ("active partner") whereas the females act as "passive partners" (Ohtsuka and Huys, 2001; Kiørboe, 2008b; Fromhage et al., 2016) . This asymmetry in mating behavior between genders has led to sexual dimorphism. To increase the detection of female cues, the male copepod is often equipped with an enhanced antennular chemo-and mechanosensory system, and a geniculation of the first antenna to grasp the female during mating is present in many species (Boxshall and Huys, 1998; Ohtsuka and Huys, 2001) . Also, males are typically smaller than females . Finally, to optimize mate encounters, the males frequently swim more, faster, and along more directional paths than females (Uchima and Hirano, 1988; Yen, 1988; Van Duren and Videler, 1995; Kiørboe and Bagøien, 2005; Kiørboe, 2008b; Moison et al., 2013) . These gender differences in mating behavior may cause differences in feeding efficiency. Females display a behavior focused on optimizing feeding, whereas males have to face the missions of both mate searching and feeding, which may potentially reduce male feeding rates.
The conflict between mate searching and feeding in copepod males may vary depending on species and feeding strategies. In some calanoids (e.g. Paracalanus parvus, Saito and Kiørboe, 2001 ; Pseudocalanus elongatus, Kiørboe, 2008b ; Paraeuchaeta spp. and Aetideopsis spp., Matthews, 1964; Yen, 1991; Olsen et al., 2000; Yamaguchi et al., 2007) and poecilostomatoids (e.g. Chondracanthus lophii, Ohtsuka and Huys, 2001; Østergaard, 2004 ; Sapphrina spp., Heron, 1973 ; Copilia spp., Boxshall and Halsey, 2004) , the males reduce or completely stop feeding when reaching maturity and there is no conflict between mate searching and feeding. Nonfeeding males are focused on optimizing mating and their longevity will depend on their energy storage and metabolic expenses, and frequently they have a short life span (Matthews, 1964; Kiørboe et al., 2015) and low abundance compared to females in field populations (male to female sex ratio ≤0.2, Kiørboe, 2006) . In many species of planktonic copepods, however, the males feed (Perueva, 1992; Kiørboe, 2008b ; references in Appendix I) and the conflict between feeding and mate searching in males and the difference in feeding rates between genders are expected to be linked to their feeding behavior. In ambush feeding planktonic copepods (e.g. Oithona spp.), which wait for prey to pass within their capture sensory sphere, feeding is carried out from a stationary (nonmoving) position, and thus mate searching and feeding are mutually exclusive (Kiørboe, 2008b) . Thus, males of the ambush feeding copepod Oithona spp. sacrifice feeding for~20-30% of the time to search for females, whereas females exclusively spend time feeding (Kiørboe, 2007; van Someren Gréve et al., 2017) . In feeding-current copepods (e.g. Temora longicornis), the copepod remains vertically positioned when hovering and the thrust of the feedingcurrent maintains them vertically and, almost, stationary in the water column while feeding (Tiselius and Jonsson, 1990) . In order to search for females, the male has to switch to a more directionally persistent but less efficient, in terms of feeding, cruising behavior (Kiørboe, 2008b) . Thus, mate finding and feeding may be partly competitive activities in feeding-current feeding copepods. In primarily cruising feeding copepods (e.g. Centropages hamatus) which capture prey that they encounter as they cruise through the water, feeding and swimming occur simultaneously (Tiselius and Jonsson, 1990) , and therefore, the conflict between feeding and mate searching is low (Kiørboe, 2008b) .
In the field, the ratio of males to females varies between~0.2 and 1, depending on the copepod family (Kiørboe, 2006) . Thus, in families where males feed and are abundant in field populations (e.g. Temoridae and Centropagidae), males can also play an important role as grazers in marine planktonic food webs. On the other hand, males with low feeding efficiency or nonfeeding males, which occur at low abundance in field populations (Kiørboe, 2006) would play a small role as grazers. In those species where nonfeeding males are relatively abundant (e.g. Paracalanus elongatus; Clausocalanidae), the inclusion of males in estimations of copepod grazing based on copepod abundance/biomass (without gender identification) can result in an overestimation of the grazing impact of those species. Therefore, knowledge of the feeding behavior of copepod males is required to better understand the trophic impact of copepods in marine systems. However, most field and laboratory studies on copepod feeding have traditionally focused only on females, whereas males have been frequently neglected Kiørboe and Hirst, 2014) . In general, existing studies on species where both males and females feed suggest that males feed less than females (Lampitt, 1978; Bautista et al., 1988; Landry and Fagerness, 1988; Uye and Kayano, 1994; Gaudy et al., 1996) . However, males are typically smaller than females Brun et al., 2017) and prey size spectra may differ between sexes, which can both significantly influence feeding rates (Saiz and Calbet, 2011; Gonçalves et al., 2014) and conceal gender differences caused by mate searching behavior.
In this study, we experimentally investigated feeding rates of males and females of copepod species exhibiting the three main zooplankton feeding strategies: ambush feeding, cruise feeding and feeding-current feeding. We hypothesize that (i) body carbon-specific maximum ingestion rates at saturating food concentrations are similar between the sexes, independent of foraging strategy, (ii) that body carbon-specific maximum clearance rates are higher in females than in males and (iii) that the difference in maximum clearance rates between genders is larger in ambush feeders than in feeding-current and cruise feeding copepods. We show that both specific maximum ingestion and clearance rates are similar between genders in most cases, except in ambush feeders, where males may have substantially lower maximum clearance rates.
M E T H O D S Experimental organisms
Males and females of the copepods Oithona nana (ambush feeder), Centropages hamatus (cruise feeder) and Temora longicornis (feeding-current feeder) were used to determine gender-specific functional feeding responses. T. longicornis, C. hamatus and O. nana were collected, from the Gullmarsfjorden (Sweden) (58°25′N; 11°45′E), Øresund (Denmark) (56°04′N; 12°63′E) and the Port of Gijon (Spain) (43°33′N; 135 5°40′W), respectively. The copepods were kept in continuous laboratory cultures between 1 and 8 years at 15-18°C and a salinity of 32 psu in the dark. Temora longicornis and C. hamatus were fed a mixture of cultured phytoplankton (Rhodomonas salina, Prorocentrum minimum, Akashiwo sanguinea, Thalassiosira weisflogii and Heterocapsa triquetra). Oithona nana was fed the heterotrophic dinoflagellate Oxyrrhis marina. In turn, O. marina was fed the cryptophyte R. salina.
We determined the feeding rates of males and females feeding on four prey types offered separately: the cryptophyte R. salina, the diatom T. weissflogii, the heterotrophic dinoflagellate O. marina and the autotrophic dinoflagellate A. sanguinea (Table I ). The algae were cultured as repeated batches in B1 medium (Hansen, 1989) at 18°C, and kept in exponential growth. Oxyrrhis marina was not fed four days prior to the experiment to avoid the presence of R. salina in the experiment. We verified the absence of R. salina in the O. marina culture using a Beckman Multisizer III Coulter Counter and an inverted microscope before starting experiments.
Bottle incubation experiments
Functional response curves were obtained by quantifying feeding rates at five different prey concentrations using bottle incubations (Frost, 1972; Gonçalves et al., 2014) . Initial prey concentrations ranged from 2 to 28.000 cells mL −1 depending on prey type. Prey size (ESD, μm) and concentrations (cells mL
) of the stock cultures were determined at the start of each experiment using the Coulter Counter. Adult males and females were sorted and starved overnight prior to the experiment at 15°C under dark conditions. Before preparing the food suspension of T. weissflogii, the stock culture was filtered through a 12-μm mesh to remove any cell aggregates. Prey suspensions were prepared by successive dilution of the highest food concentration with 0.2 μm filtered seawater (0.2 μm FSW). Prey suspensions were amended with B1 algal growth medium (1 mL L −1 ) to avoid a differential phytoplankton growth between treatments with and without copepods due to nutrient excretion by the copepods. For each prey concentration, 12 bottles (60-315 mL, depending on copepod species) were filled with the corresponding prey suspension in a three-step filling procedure to ensure homogeneity between replicates. For each concentration, three bottles were used to determine the initial prey concentration ("initials"), three bottles were used to determine prey growth rates during the incubation without copepods ("controls") and three bottles with males and three bottles with females served as male and female experimental treatments, respectively. The number of copepods added to the bottle varied from 3 to 45 depending on copepod species, prey species and prey concentrations to ensure a reduction of~30% in prey concentration during incubation according to previous feeding studies. The experimental and control bottles were mounted on a rotating plankton wheel (0.4 rpm) and incubated for 24 h at 15°C in the dark. At the end of the experiment, the bottle contents were filtered through a 43-μm mesh, and the copepods were checked for mortality and fixed with 1% Lugol's solution. Copepod mortality was negligible in our experiments. From the initials, experimental and control bottles, a sample (60-100 mL) was taken and fixed with 1% Lugol's solution for cell counting by inverted microscopy. Depending on cell densities, cell concentration in each sample was determined using either Sedgewick-Rafter counting chambers or settling chambers (5-100 mL). For each treatment, photographs of 20 males and females were taken to measure prosome length and width by image analysis (ImageJ).
Data analysis
Ingestion and clearance rates as well as average prey concentrations during incubations were calculated according to Frost (Frost, 1972) . In a few cases, prey concentration in the experimental treatments was higher than in the controls and ingestion and clearance rates were assumed to be zero. To estimate maximum ingestion and clearance rates either a Holling functional response type II or type III model was fitted to the observations of ingestion rates (I ) and clearance rates (F ) (Kiørboe, 2008a; Schultz and Kiørboe, 2009 ) (depending on the best statistical fit):
where β (equations (2) and (4)) is the maximum clearance rate (mL d ), τ (equation (1)) is the prey handling time (d), C is the prey concentration (cells mL
) and α (equation (4)) is the prey concentration at the maximum clearance rate. The maximum ingestion rate was computed as τ −1 (equation (1)) or αβe 1 (equation (3)) (cells cop
). In cases where the models did not fit to the data properly, we estimated the maximum ingestion rate as the average of the maximum observed ingestion rate at the four highest prey concentrations and the maximum clearance rate as the average of the highest observed clearance rate at the four lower prey concentrations (Saiz et al., 2014) .
To compare copepod feeding performance between sexes and feeding strategies, body carbon-specific clearance rates (mL pg C
) and carbon-specific ingestion rates (% body C d −1
) were plotted as a function of prey size (ESD (μm)). Copepod carbon content was estimated from its volume according to Hansen et al. (Hansen et al., 1994) . Copepod volume was estimated assuming a prolate spheroid (Jiang and Kiørboe, 2011) with the long axis (l ) equal to the prosome length and the short axes (w) equal to prosome width:
Prey cell carbon was estimated from initial cell volumes measured with the Coulter Counter and using specific volume to carbon relation according to Pelegri et al. (Pelegri et al., 1999) for O. marina, Henriksen et al. (Henriksen et al., 2007) for T. weissflogii, Menden-Deuer and Lessard (Menden-Deuer and Lessard, 2000) for A. sanguinea and Montagnes et al. (Montagnes et al., 1994) for R. salina.
For each feeding experiment, we tested significance of prey reduction between control and experimental bottles with a Student's t-test (using SPSS Statistics 21 software).
In order to statistically test whether there is an overall true difference between females and males with respect to the maximum carbon-specific feeding and clearance rates across all experiments, we performed a formal meta-analysis on the fitted I max and F max parameters and their associated standard deviations obtained from each experiment (see Table II ). As comparable metrics across experiments (i.e. so-called effect sizes), we derived the commonly used log transformed ratio of means Lajuenesse, 2011) , i.e. the log ratio of I max and F max parameters estimated for males and females, and used this metric as input in a standard random-effects model of the following form:
where y i denotes the observed effect size (i.e. the log ratio of means described above) in the ith feeding experiment and θ i the corresponding true effect size. The true effect size is assumed to be normally distributed with mean μ which is what we aim to estimate. Furthermore, the sampling error e i~N (0,v i ) is assumed to be normally distributed with zero mean and a known sampling variance (i.e. v i values) estimated from each experiment. The meta-analysis was performed in R version 3.1.2 (R Core Team, 2014) using the package "metafor" (Viechtbauer, 2010) .
R E S U L T S
Clearance rates of copepod males and females generally decreased with increasing prey concentration following a Holling type II or type III functional response (Figs 1-3 ). Feeding-current feeders and cruise feeders displayed mostly a functional response type III (Figs 1 and 2) , whereas the ambush feeding O. nana consistently showed a type II functional response (Fig. 3) . Ingestion rates of both genders followed a concentration-dependent response with ingestion rates increasing with increasing food concentration until, in most cases, saturation was reached (Figs 1-3 ). The type of functional feeding response (II or III) was similar between genders for the same prey (Figs 1-3 , Table II) . With some exceptions, clearance rates of females were higher than those of males at high prey concentrations for the three species (Figs 1-3) . In a few cases, males showed clearance rates higher than females at low prey concentration, mainly for the smaller prey (R. salina and T. weissflogii) (Figs 1-3) . Similar to clearance rates, ingestion rates (cells ind.
−1 d −1 ) of females were generally higher than for males, independent of the feeding behavior and prey type (Figs 1-3 ). Maximum clearance rates (F max ) estimated from the functional response models varied depending on species, gender and prey type (Table II) . In most cases, females displayed maximum clearance rates higher than or similar to males. Maximum estimated ingestion rates (I max ) of females were higher than for males, irrespective of feeding strategy or prey type, with one exception (O. nana feeding on R. salina) (Table II) .
When normalized by body size (carbon), most differences between genders disappeared (Fig. 4) . The main significant difference remaining was for ambush feeding O. nana feeding on O. marina, where females had a clearance rate twice that of the males for a similar predator: prey size ratio (females and males of similar size) (Fig. 4A) . Also, carbon-specific maximum clearance rates of males of the feeding-current feeder T. longicornis on A. sanguinea were higher than for females, but this difference could be due to the difference in the preypredator size ratio between genders in this specific experiment/prey (Fig. 4A) . Carbon-specific maximum clearance rates increased with prey size in the feedingcurrent and cruising feeding copepods, whereas the ambush feeding copepod O. nana showed a strong preference for O. marina and very low maximum clearance rates for the two other prey (Fig. 4A) .
The meta-analysis test using random-effects models showed no significant differences between females and males with respect to specific maximum ingestion rate (z = 0.034, p = 0.65), while the maximum specific clearance rate was significantly higher for males (z = −0.274, p = 0.034*). However, the difference is small and the variability between species and treatments was rather pronounced with 3 out of the 12 experiments indicating higher rates for females compared males (Fig. S1 ).
D I S C U S S I O N Gender-dependent feeding rates
Prior work on copepod feeding ecology has primarily focused on female feeding rates and data on genderdependent functional responses in copepods are limited. The differences in body size , prey-predator size ratio (Hansen et al., 1994; Gonçalves et al., 2014) and potential dissimilarity in functional response parameters between sexes may mask differences in feeding performance.
We found that females show maximum ingestion rates higher than males for all tested prey (Table II) , but The maximum measured rate was used instead of the model prediction if no model could be fitted or predictions are unrealistic and is indicated by (*). Confidence limits are given in parentheses. 

this difference disappears when we normalize for body size (Fig. 4B ) since the males are in all cases smaller than the females (Table I) . A survey of literature data similarly showed that females have maximum ingestion rates that are higher by a factor of 1-10 (average 1.8, one-sample t-test P = 0.000*) than those of males, but that difference again disappeared when normalizing for body size (average 1.1, one-sample t-test P = 0.067) (Fig. 5) . Thus, our data and those from the literature are consistent with our first hypothesis, except for species where males have reduced feeding appendages (Calanus spp., Fig. 5 ). At high prey concentrations, prey encounters do not limit the ingestion of prey and, hence, male mate searching activities does not reduce feeding. Rather, size-dependent gut capacity puts the upper limit on ingestion rate (Tiselius et al., 2013; Gonçalves et al., 2014) . Maximum clearance rates were also mainly explained by body size (Fig. 4A) . Body masses were estimated indirectly from morphology, and so the slightly higher (but statistically significant) specific clearance rates of the females may simply be due consistent differences in body mass estimates. Although data in the literature are limited, females show higher mean maximum clearance rates than males (average 1.5, one-sample t-test P = 0.010*), but that difference again disappears when normalizing for body size (average 0.9, one-sample t-test P = 0.455) (Fig. 6) . So, overall, our own observations and those from the literature lend little support to our hypothesis 2 that males have lower maximum specific clearance rates than females.
We observed in our experiments, however, one clear exception, viz. ambush feeding O. nana feeding on optimally sized O. marina prey. This agrees with previous feeding studies of ambush feeding copepods: Oithona davisae males have a maximum carbon-specific clearance rate 1.7 times lower than that of the females (Saiz et al., 2003 , Kiørboe, 2008b when they fed on O. marina. This suggests that for ambush feeders which exhibit a strong gender difference in behavior (Kiørboe, 2008b; van Someren Gréve et al., 2017) the conflict between mate searching and feeding can cause significant difference in feeding efficiency between males and females. The lack of gender difference and low feeding rates of O. nana in feeding on smaller and larger prey may simply be due to their suboptimal size. Thus, our results are consistent ) for males and females of T. longicornis, C. hamatus and O. nana as function of prey-predator size ratio. Note the different scaling on the y-axis on each panel. Error bars indicate the 95% confidence interval for each model estimate.
with hypothesis 3, that ambush feeding males have lower specific clearance rates. In the natural environment, Oithona males, which have a lower feeding efficiency and likely a more energetically demanding behavior than females, would be more susceptible to the risk of mortality due to starvation than females, particularly in oligotrophic waters.
The type of functional response observed for the species tested did not differ between sexes within species, but was different between feeding strategies (Figs 1-3 , Table II ). A functional response type II or type III functional response is often observed in planktonic copepods exhibiting active feeding strategies (cruising feeding or feeding-current feeding) (Kiørboe, 2016) , corresponding to our observations. The type III response is characterized by a prey concentration below which the copepod reduces its clearance rates (Holling, 1959) . The reduction of the clearance rate is thought to be due to the reduction of the generation of the feeding current and is a strategy to preserve energy and reduce predation risk when food availability is low (Lehman, 1976; Visser, 2007) . In contrast, passive ambush feeders are predicted (Visser, 2007) and observed (Kiørboe, 2016) to have a type II functional responses, as encounter rate with their prey is independent of their feeding effort and the energetic cost of feeding is low (Kiørboe, 2011) .
Effect of prey size and prey behavior on feeding rates
In the active feeding strategies (feeding-current and cruising feeders) we generally found an increase in maximum clearance rate with increasing prey size (Fig. 4A) , likely as a result of increasing prey encounter velocity (Hansen et al., 1997; Andersen et al., 2015) and detectability with increasing prey size. However, a mismatch between the offered prey size and the optimal prey size reduces prey ingestion (Wirtz, 2014) . The optimal prey size is dependent on predator size (Hansen et al., 1994) . Because of the size difference between genders the optimal prey size is likely to differ with smaller prey being more suitable prey for males than for females. Males may be more efficient in handling small prey and can have difficulties handling larger prey (Turner et al., 1984) . This difference in prey size spectrum may explain why we observed higher male clearance rates on the smallest prey tested (R. salina) in the active feeding strategies (Table II) . However, the high efficiency of T. longicornis males feeding on the large prey A. sanguinea compared to females (41% higher, Appendix I and Fig. 4) suggests that males of this species can feed efficiently on large prey and that other prey . Species-specific gender differences in ingestion rates reported in literature and this study. The differences in ingestion rates (gray) and specific ingestion rates (volume, carbon or weight specific ingestion rates; blue) on single prey or natural prey assemblage between males and females are expressed in female-male ratio. Please note that these feeding "ratios" neglect the effect of prey size preference and give no indication of absolute feeding rates. Both ingestion rates from functional responses (maximum ingestion rates) and single concentration experiments are used (see Appendix I). The mean ratio is calculated over all studies weighting each data point equally. Fig. 6 . Species-specific gender differences in clearance rates reported in literature and this study. The differences in clearance rates (gray) and specific clearance rates (volume, carbon or weight specific ingestion rates; blue) between males and females on single prey are expressed in female-male ratio. Only clearance rates from functional responses (maximum clearance rates) are used (see Appendix I). The mean ratio is calculated over all studies weighting each data point equally.
characteristics besides size can affect gender-specific feeding rates in copepods.
Prey detection in the ambush feeding copepod O. nana relies on hydromechanical signals produced by a swimming prey (Svensen and Kiørboe, 2000) . Nonmotile prey (e.g. diatoms) and small prey (such as R. salina) generate an insufficient fluid signal and are not efficiently detected by ambush feeders (Kiørboe, 2016) . Consequently, ambush feeders have a more restricted prey spectrum in terms of prey size and prey motility than feeding-current and cruising feeders (Kiørboe, 2016) , consistent with the low feeding efficiency and high saturation concentration observed when O. nana fed on diatoms (T. weissflogii) and small flagellates (R. salina). In contrast, O. marina is very motile for its size (307-700 μm s −1 , Cosson et al., 1988; Menden-Deuer and Grünbaum, 2006) and has even higher swimming velocities than the largest prey tested here, A. sanguinea
, Jeong et al., 1999; Park et al., 2002) resulting in high encounter rates and detectability by ambush feeders. Therefore, prey motility (and not only prey size) can partially explain the differences in feeding rates in copepods depending on their feeding strategy.
Ecological implications
Despite the similar size-specific feeding rates measured in laboratory controlled experiments, except for ambush feeders, extrapolation of feeding rates to field populations should be done with caution. Field observations of copepod gut content demonstrate that gut fullness of males, or the percentage of males containing food in the digestive system, is in general lower than for females (Hayward, 1980; Perueva, 1992; Shimanaga et al., 2009; Chen et al., 2010) . Possible explanations are differences in diel feeding periodicity between sexes. For instance, migration capacity in both "feeding" and "nonfeeding" males is in general more restricted than for females, if not absent (Uye et al., 1990; Osgood and Frost, 1994; Cervetto et al., 1995; Ohtsuka et al., 1996; Besiktepe, 2001) . Also, temporal variation in feeding rates in females is more pronounced than in males (Bautista et al., 1988; Perueva, 1992; Cervetto et al., 1995; Ohtsuka et al., 1996; Buffan-Dubau and Carman, 2000) .
In marine plankton food webs, the trophic pressure of ambush feeders would be low in nonmotile prey (diatoms) but potently high in medium-size motile prey (e.g. dinoflagellates), depending on the grazer abundance. The trophic impact of active feeders would be potentially high on both motile and nonmotile prey in their prey size spectra, particularly for large prey. Males of ambush feeders (Oithona) have a lower feeding efficiency than females and therefore a higher risk of starvation in oligotrophic environments. Although low male abundance can limit copepod populations, ambush feeding behavior is less costly in terms of metabolic expenses (Castellani et al., 2005) and less risky in terms of predation than "active" feeding strategies (Almeda et al., 2017; van Someren Gréve et al., 2017) . Therefore, the optimality of a specific behavior (ambush vs. active feeders) will depend on the environmental conditions (e.g. food availability and predation pressure).
C O N C L U S I O N S
We experimentally demonstrated that planktonic copepod males have lower ingestion and clearance rates than females and that those dissimilarities arise mainly from differences in body size between sexes. Further, the conflict between mate searching and feeding can cause significant gender difference in feeding efficiency in ambush feeders, but not in species with active feeding strategies (feeding-current and cruising feeders).
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